To determine sensitivity and specificity of different antibodies for the immunocytochemical detection of malignant cells in diagnostically equivocal effusions in comparison with those achieved by DNA-image cytometry.
Immunocytochemistry and DNA-image cytometry in diagnostic effusion cytology.
II. Diagnostic accuracy in equivocal smears
To determine sensitivity and specificity of different antibodies for the immunocytochemical detection of malignant cells in diagnostically equivocal effusions in comparison with those achieved by DNA-image cytometry.
65 cytologically doubtful effusions of the serous cavities were stained with twelve antibodies. Furthermore, DNAimage cytometry was performed. Data were correlated with patient follow-up.
Sensitivity of cellular staining of Ber-EP4 for the identification of malignant cells was 77.8%, specificity of absent staining for benign cells was 100%. Positive predictive value for the identification of malignant cells was 100%, negative value 65.5%. Sensitivity of DNA-aneuploidy for the identification of malignancy was 82.9%, specificity of DNAnon-aneuploidy for benignity 94.7%. The positive predictive value of DNA-aneuploidy for the occurrence of malignant cells was 96.7%. Negative predictive value of DNAnon-aneuploidy was 72.0%. Combining immunocytochemistry applying Ber-EP4 only and DNA-cytometry in equivocal effusions resulted in a sensitivity of 88.9% for the identifi-
Introduction
Overall diagnostic accuracy of conventional effusion cytology on average is 80.5% [32] and 84.8% in our hands [27] . Diagnostic uncertainty also manifests in those effusions showing "equivocal" cells, as there are "inconclusive" cells or cells "suspicious for malignancy". According to Spriggs and Boddington (1989) [32] the rate of diagnostically doubtful effusions in routine cytology is about 6%, in our institute it is currently 8%. Improvement of diagnostic accuracy is therefore necessary in effusion cytology.
The diagnostic value of immunocytochemistry for the identification of malignant cells in effusions has often been emphasized [2, 3, 15, 23, 29, 30] . An analysis of studies containing data on prevalence of cellular staining with different antibodies is given in Part I [28] of this study. As reported there Ber-EP4 is a highly sensitive (95.4%) and 100% specific marker for the detection of (malignant) epithelial cells in effusions. For the differential diagnosis of carcinoma vs. mesothelioma anti-LeuM1 and -CEA were additionally recommended, resulting in a 98.0% correct immunocytochemical differentiation between both entities.
Only few authors have dealt with cytologically equivocal effusions in immunocytochemical studies [1, 4, [9] [10] [11] [12] 18, 19, 22, 24, 31, 33] . De Angelis [11] and Illingworth [18] have both shown a prevalence of cellular staining of Ber-EP4 in 33.3% (1/3) of those patients which later proved to have a malignant disease of the serous membranes. The other authors examined different immunocytochemical markers, e.g., anti-CEA or -EMA. Although, these studies comprised only few cases (3-17, average 7.7), it can be concluded that cellular staining of Ber-EP4 is a sensitive marker for clarification of cytologically equivocal effusions. None of the cases definitely categorized as benign revealed staining for this marker in more than 5% of cells.
The diagnostic value of DNA-cytometry for the identification of malignant cells in effusions has been demonstrated by our group in two previous studies [25, 26] . Prevalence of DNA-aneuploidy in malignant mesotheliomas was 83% and 100% in carcinomas metastatic to the serous membranes, whereas none of the reactive effusions revealed DNA-aneuploidy.
Only few authors have also dealt with cytologically equivocal effusions in DNA-cytometric studies. They have shown a prevalence of DNA-aneuploidy in 12.5-60% [9, 13, 14, 17, 20, 24] of those patients which later proved to have a malignant disease of the serous membranes. It can be concluded that DNA-aneuploidy is a sensitive marker for the identification of neoplastic cells. None of the cases definitely categorized as benign revealed DNA-aneuploidy. We also have previously proven the value of DNA-aneuploidy to detect malignant cells in equivocal effusions [26] . The sensitivity of DNA-aneuploidy for the identification of malignancy was 55.9%, specificity of DNA-nonaneuploidy for benignity was 94.1%.
After we have reported on the prevalence of 12 different antibodies in various types of benign and malignant cells in effusions with and without tumour cells (carcinomatoses and mesotheliomas) (Part 1 of this study) [28] the aim of the present study was to investigate the ability of the most sensitive and specific immunologic markers to identify malignant cells in diagnostically equivocal effusions. Furthermore, sensitivity and specificity of DNA-aneuploidy, which had been proven to be an excellent marker for neoplastic cells in effusions in our previous studies [25, 26, 28] was investigated on the same specimens.
Different to other investigations, this study was especially dedicated to the combined use of both adjuvant methods in a large group of cytologically equivocal effusions (n = 65) including detailed follow-up of all patients. It was performed prospectively, which means that diagnoses as evaluated here were immediately reported to the clinicians. Thus our diagnostic routine performance was analyzed. Follow-up of patients validated the diagnoses obtained by application of the two adjuvant methods.
Materials and methods

Specimens and patient population
Subject of our study were 65 effusions of the serous cavities with cytologically equivocal diagnosis (52 pleural, 11 peritoneal and 2 pericardial) routinely investigated between April 1996 and December 1997 in the Institute of Cytopathology. The patients were from the University Hospital of Düsseldorf as well as from hospitals of the surrounding area. 65 equivocal effusions contained atypical mesothelial or epithelial cells suitable for application of adjuvant methods. A minimum of 30 reference and about 50 analysis cells were necessary for DNA-image cytometry, whereas several strongly stained cells (n > 5) per slide were considered as sufficient for immunocytochemistry. Both immunocytochemistry and DNA-cytometry were applied on 53 effusions, the first method only on eleven, the latter only on one additional case. Four effusions occurring during the above mentioned period were not included in the study because of cellular overlap not suitable for DNA-cytometry as well as absence of atypical cells on those slides prepared for immunocytochemistry.
Staining of specimens
Details of the procedure were described in our previous papers [25, 28] . In brief, for purposes of routine cytological diagnosis three slides were air-dried and stained according to May-Grünwald-Giemsa. For measurement of DNA content one of these was later uncovered in xylene and subsequently Feulgen-stained in a temperature-controlled staining machine with Schiff's reagent according to the protocol applied in our previous papers [6, 7, 25, 28] . Five further slides were immediately fixed in a modification of Delaunay's solution and stained according to Papanicolaou [28] . They were used for immunocytochemistry after uncovering in xylene.
Cytological diagnosis
The specimens were evaluated according to generally accepted diagnostic criteria [2, 5, 21] described in our previous papers [27] . All specimens contained cytologically equivocal cells. 23 (35.4%) of the cases were diagnosed as "doubtful" and 42 (64.6%) as "suspicious for malignancy". Effusions diagnosed as "doubtful" revealed atypical cellular degeneration or activation. In those diagnosed as "suspicious for malignancy" only sparse abnormal cells were seen or diagnostic criteria of malignancy were not sufficiently expressed [8] .
Immunocytochemistry: staining and evaluation
Detailed staining protocols (as well as specifications of antibodies applied) are described in our previous paper [28] . In brief, the immunological detection method applied was the Avidin-Biotin-Complex method (ABC). Incubations were carried out with a primary antibody (Ber-EP4, anti-B72.3, -CA 125, -CEA, -Desmin, -EMA, -HBME-1, -LeuM1, -Lu5, -MAC 387, -MNF 116 and Vimentin), followed by a biotinylated link antibody, then the ABC-EliteStandard. The substrate-chromagen-reagent was AEC (3-amino-9-ethylcarbazole).
The number of primary antibodies applied depended on the quantity of atypical cells present on the slides. Up to twelve antibodies were used. If necessary slides were separated in up to three regions using a Dakopen (Dako, Glostrup, Denmark). At least five cells per antibody were requested in one slide region. Ber-EP4 was applied only (n = 2 cases) if merely few atypical cells (>5) were present. Ber-EP4 was combined with -EMA and -CEA (n = 8 cases) or additionally with -LeuM1 (n = 42 cases) if several atypical cells (>10, mostly 30-50) were found. Five (n = 4 cases), six (n = 1 case), nine (n = 1 case), ten (n = 2 cases), eleven (n = 1 case) and twelve (n = 3 cases) antibodies were applied if many cells (>50) were seen.
Slides were evaluated applying a semiquantitative score: "−" (negative): no cellular staining detectable. "(+)" (negative): less than 5% of the respective cell population weakly stained. "+" (positive): 6-30% of the respective cell population stained, "++" (positive): 31-70% of the respective cell population stained and "+++" (positive): 71-100% of the respective cell population stained.
DNA-cytometry: measurement and evaluation
Measurements of nuclear DNA were performed as described in our previous papers [6, 7, 25, 28] . In brief, 30 lymphocytes were measured as reference cells, meeting a coefficient of variation <5%. The coefficient of correlation between nuclear area and integrated optical density (IOD) of reference cells was r < 0.4. Subsequently, if present 300 atypical cells were measured per specimen interactively at random. Otherwise, only those few cells were measured which were available: Two specimens revealed less than 50 cells, five 51-100 cells, eleven 101-150, six 151-200, twelve 201-250, ten 251-300 and eight more than 300 measurable cells. The ZEISS CYRES workstation (Zeiss, Jena, Germany) was used for measurements (Part I) [28] . The performance of the system meets the standards of the updated consensus report of the ESACP task force on standardization of diagnostic DNA-image cytometry [7, 16] . The data were diagnostically interpreted as described in our previous paper [25] . DNA-aneuploidy was assumed, if an abnormal DNA-stemline (STL) (DNA-index of the stemline was < 0.90 > 1.10 or < 1.80 > 2.20 or < 3.60 > 4.40) and/or the coefficient of variation (CV) of the first DNA-stemline was 10% and/or cells >9c occurred (9c exceeding events (9c EE)).
Validation of cytologic diagnosis
According to patient follow-up (periods of 6-18 months) the investigated materials from the serous membranes were classified as either containing malignant cells or not. We accepted patient histories as presenting sufficient evidence for the presence or absence of tumour cells in effusions. These revealed either histologic follow-up of a tumour of the serous membrane itself (9/65 = 13.8%) or of the respective primary tumour (35/65 = 53.8%). Furthermore, clinical evidence for a malignant nature of the effusion was considered valid, applying such advanced diagnostic techniques as radiology, computer tomography (21/65 = 32.3%). Patients presenting abnormal cells in effusions revealed the following primary tumours: carcinomas of the breast (12), the ovary (3), the thyroid (1), the lung (7), the esophagus (1), the stomach (4), the pancreas (4), the kidney (1), the urothelium (2), as well as carcinomas of unknown primary (7). Furthermore, malignant melanoma (1) and malignant mesotheliomas (3) occurred. Non-malignant cases showed the following basic diseases: pneumonia (12), congestive heart failure (6) and cirrhosis of the liver (1).
Results
In this part, as well as in the first part of this study [28] , Ber-EP4, anti-LeuM1, -EMA and -CEA were the immunocytochemical markers with the most distinct results concerning the identification of malignant epithelial cells and their differentiation from those of mesotheliomas.
Prevalence of cellular staining of Ber-EP4 was 54.7%, sensitivity for its ability to identify malignancy was 77.8%, specificity of absence of cellular staining for prospective benignity was 100% (Fig. 1, Table 1 ). Positive predictive value of cellular staining of Ber-EP4 for the identification of neoplastic cells was 100% and negative predictive value of absent staining for the absence of neoplastic cells 65.5% (Table 1) . Prevalences of cellular staining for LeuM1, EMA and CEA were 19.9, 83.6 and 42.2%, respectively. Sensitivities of these markers were 24.3, 88.1 and 55.6%, while specificities were 93.3, 26.3 and 89.5%, respectively (Fig. 1, Table 1 ). Positive predictive values were 90, 72.5 and 92.6%, negative ones were 33.3, 50.0 and 45.9% respectively ( Table 1) . The other antibodies applied were not of additional help in these aspects.
As for DNA-image cytometry 29/54 of the diagnostically equivocal effusions were DNA-aneuploid (Table 2). This corresponds to a prevalence of DNAaneuploidy in equivocal cells in effusions of 53.7%. The detection rate of DNA-aneuploidy depends on the application of the type and number of different algorithms. An abnormal stemline (22/54 = 40.7%) as well as 9c EE (22/54 = 40.7%) were the most frequent aspects of DNA-aneuploidy followed by a CV of the first stemline 10% (6/54 = 11.1%).
The combined application of the first two algorithms significantly increased the rate of detection of DNAaneuploidy to 53.7% (29/54). Additionally applying the CV of the first stemline as a further criterion of DNA-aneuploidy did not increase its rate of identification. One of the non-malignant cases according to the patients follow-up showed an abnormal DNA-stemline at 1.7c. Sensitivity of DNA-aneuploidy (abnormal STL plus 9c EE) or identification of malignant cells in equivocal effusions was 82.9%, specificity of DNA-nonaneuploidy for benign cells was 94.7%.
The positive predictive value of the marker DNAaneuploidy in equivocal effusions was 96.7%, since all but one DNA-aneuploid case showed malignancy in the follow-up. The negative predictive value of DNAnon-aneuploidy was 72.0%.
Combining both methods in the diagnosis of equivocal effusions (Table 3) leads to an increase of sensitivity from 77.8% applying immunocytochemistry (Ber-EP4 alone) and 82.9% applying DNA-cytometry (aneuploidy) to 88.9% applying both methods. Specificity of absence of Ber-EP4 staining for prospective benignity is 100% and for absence of DNA-aneuploidy 94.7%, respectively, and 95.0% for combining both methods. Positive predictive value of cellular staining for the identification of neoplastic cells is 100% for immunocytochemistry alone, 96.7% for DNA-cytometry, respectively, and 97.7% for the combination. Negative predictive value for the absence of neoplastic cells increases from 65.5% for immunocytochemistry alone and 72.0% for DNA-cytometry alone respectively to 79.2% by the combination of both methods.
Combining data of Part I of this study [28] on prevalence of immunocytochemical markers (Ber-EP4 alone) and DNA-aneuploidy in tumour cell positive and negative effusions with data of this second part in equivocal effusions the overall sensitivity of both methods in effusions is 96.6%, specificity 98.6%, positive predictive value 99.3% and the negative one 93.4%. Overall diagnostic accuracy (n = correctly positive + correctly negative / total no. cases) is 97.2%.
Discussion
In Part I of our study [28] we proposed that the identification of Ber-EP4 positive cells and/or DNAaneuploidy in cytologically equivocal effusions [26] may be used as a highly specific and sufficiently sensitive marker for neoplastic cells. In this second part we investigated this hypothesis on 65 cytologically equivocal effusions.
Combining results of both parts of this study we were able to demonstrate an overall sensitivity of combined application of both methods in this selected group of effusions to be 96.6%. Specificity was 98.6%, positive predictive value 99.3%, the negative one 93.4%, and the overall diagnostic accuracy was 97.2%.
Other authors have proven the diagnostic usefulness of cellular staining for Ber-EP4 for the identification of malignant cells in effusions. Yet, only few of them have dealt explicitly with cytologically equivocal effusions in immunocytochemical studies [1, 4, [9] [10] [11] [12] 18, 19, 22, 24, 31, 33] . De Angelis [11] and Illingworth [18] have both shown a prevalence of cellular staining for Ber-EP4 in 33.3% in patients in whom the follow-up had proven a malignant disease as cause of the effusion. The other authors examined staining of other immunocytochemical markers, e.g., anti-CEA or -EMA. While all of these authors investigated prevalences of cellular staining for the applied antibodies, only two of them (Illingworth et al. [18] : n = 2 equivocal/59 total effusions; and Matter-Walstra and Kraft [24] : n = 33 equivocal/75 total effusions) drew conclusions concerning the resulting sensitivities and specificities, positive and negative predictive values. The fact that only two authors calculated these data may be due to the limited number of cases of equivocal effusions (average 7.7 cases) included in these studies, not allowing calculation of these data.
The high prevalence of cellular staining for Ber-EP4 found in this study may also be due to our staining pro-tocol. We suggest to apply immunocytochemical methods only according to standardized protocols adapted to effusion specimens, e.g., fixation in Delaunay's solution and with optimized antibody dilutions. A further important aspect, as discussed in Part I, concerns the interpretation of immunocytochemical staining in effusions. For the tumour cell positive effusions reported there we suggested a cut-off level for positive staining >5% of cells from one type (e.g., mesothelial) in order to avoid false positive results due to unspecific staining. The interpretation of staining results of equivocal effusions concerning the percentage of atypical cells stained seems to be more difficult. There may be only few atypical cells on the slide, but these may reflect a high percentage of positive cells. A cut-off level for positive staining at >5% does not make sense here, as even few stained cells may be interpreted as positive. But, in comparison to negative effusions, where few weakly stained cells might be found, these should be strongly positive.
As in our previous study, we conclude that the application of Ber-EP4 only, as opposed to a panel of antibodies, results in an excellent detection rate of malignant cells.
Other authors have already proven the diagnostic usefulness of DNA-aneuploidy as a marker for malignancy in effusions as well by image-as by flow-cytometry. Yet, few authors have dealt explicitly with cytologically equivocal effusions in DNAcytometric studies. They have shown prevalences of DNA-aneuploidy in 12,5% [17] , 37.5% [9] , 42.4% [24] , 50% [14, 20] and 60% [13] in patients in whom the follow-up had proven a malignant disease as cause of the effusion.
As previously discussed in detail [25, 26] most of these authors used DNA-stemline aneuploidy as the only criterion for diagnostic interpretation. We propose the combined use of three different algorithms for the identification of DNA-aneuploidy [25, 26] : position of any DNA-stemline, the occurrence of cells >9c and CV of the first stemline 10%.
We recommend the strict consideration of the updated standards of the European Society for Analytical Cellular Pathology (ESACP) for diagnostic DNAimage-cytometry [7, 16] otherwise false positive and false negative diagnoses may occur.
While other authors merely investigated prevalence of DNA-aneuploidy, we were now able to present sensitivities, specificities, positive and negative predictive values.
Apart from our study three other authors have suggested the combined use of immunocytochemical markers and DNA-cytometry. Croonen et al. [9] and Joseph et al. [20] applied DNA-flow cytometry. Matter-Walstra and Kraft [24] introduced the combined use of staining for Ber-EP4 and DNA-image cytometry, but they applied different algorithms for identification of DNA-aneuploidy [25, 26] . None of these authors included equivocal effusions in their studies.
At present there is no general agreement as to the "golden standard" for evaluation of the diagnostic accuracy of immunocytochemical or DNA-cytometric diagnoses in effusions [28] . In our study the immunological finding of Ber-EP4 positive cellular staining or the cytometric finding of DNA-aneuploidy was classified as correctly positive if patient follow-up revealed histologic or clinical evidence for a malignant nature of the effusion. Thus, only one false positive DNAcytometric result was observed. It must be considered that this case might be correctly positive, but that the tumour had not yet been found (e.g., carcinoma of unknown primary (CUP)). The immunocytochemical absence of Ber-EP4 staining or the DNA-cytometric finding of DNA-non-aneuploidy was classified as correctly negative if the patient follow-up revealed histologic or clinical evidence for a benign nature of the effusion.
This investigation was dedicated to the use of both methods in a relatively large group of patients revealing cytologically equivocal effusions (n = 65) including detailed follow-up. It was performed prospectively, which means that our routine diagnostic performance was analyzed. Diagnoses as evaluated here were reported to the clinicians within one week after receiving the specimens. Follow-up of patients validated the diagnosis obtained by application of adjuvant methods.
We investigated the combined use of immunocytochemistry applying Ber-EP4 and DNA-image cytometry searching for DNA-aneuploidy as markers for neoplasia. The first method revealed a sensitivity to detect malignant cells in cytologically equivocal effusions of 77.8%, the latter of 82.9%. It must be considered that the sensitivity of immunocytochemistry is lower than of DNA-cytometry due to the processing of slides in Delaunay's fixation for immunocytochemistry with the risk of loosing tumour cells as opposed to air-drying of slides for DNA-cytometry. By combining both adjuvant methods a sensitivity of 88.9% was achieved.
The rate of cytologically equivocal effusions was decreased by adjuvant methods from currently 8 to 0% as all cases were finally decided to be either tumour cell positive or negative. Evaluating our diagnoses we realized that in five cases definitely diagnosed as tumour cell negative due to absence of immunocytochemical staining or of DNA-aneuploidy we made false negative diagnoses as the patients nevertheless revealed a malignant disease and on second look their smears still revealed cells "suspicious for malignancy" in their effusions. It must be concluded that negative results in the adjuvant methods applied did not exclude neoplasia.
Nevertheless, immunocytochemistry (Ber-EP4 positive staining) and DNA-image-cytometry (DNA-aneuploidy) applied to effusions of all 218 patients evaluated in both parts of this study were able to increase the overall diagnostic accuracy from 70.6 to 97.2%.
As both methods revealed high sensitivities it is difficult to decide which one should be preferred in a routine laboratory. The decision may depend on the preexisting equipment, the skills of the personnel and the expected costs (investments in machinery). It may also depend on the possible application of either method to other specimens and diagnostic questions (e.g., immunocytochemistry for the classification of fine-needle aspiration biopsies or DNA-cytometry for grading tumour malignancies). Immunocytochemistry is easy to perform but it requires special fixation. DNA-image cytometry may be more time consuming and needs cytological expertise. Its advantage is that it may be performed retrospectively, irrespective of the type of preceding fixation and staining and even on archived slides. The combined application of both methods anyway results in an increase of security of diagnostic decisions. The individual pathologist will achieve best results with that adjuvant method he feels familiar with.
We recommend to apply both adjuvant methods on all effusions yielding cytologically equivocal or doubtful diagnoses. Thus overall diagnostic accuracy of effusion cytology in a routine laboratory may be improved significantly.
